the cerebrovascular system where the constitutive enzyme for CO production is expressed at very high levels, particularly in endothelium and perivascular astrocytes. The roles of heme oxygenase (HO) and CO in regulation of the circulation to other organs and tissues, cardiovascular disease, and hypertension was recently reviewed by Abraham and Kappas (1) .
Control of CO Production
Endogenous CO is produced in the body as the product of heme degradation to CO, iron, and biliverdin, catalyzed by HO with the oxidation of NADPH. The highest HO expression is in the brain and cerebral circulation. Overall, HO activity of the brain tissue exceeds that of systemic organs, including even the liver and spleen (79) . CO production by the brain in vivo can be estimated by measuring extracellular CO in cortical periarachnoid cerebrospinal fluid (pCSF), collected from the brain surface using the closed cranial window technique. In newborn pigs, the baseline CO in pCSF detected by gas chromatography/mass spectrometry is about 5-8 ϫ 10
Ϫ8 M (19, 147) and may rise to 1 M with strong stimulation (19) 
(see Functional Significance of CO in Control of Cerebrovascular Circulation).
In the brain, there are multiple sources of CO that may contribute to the regulation of cerebral blood flow. These cellular components include cerebral vascular cells, neurons, and glia. Freshly isolated cerebral vessels and cortical astrocytes, as well as cultured endothelial cells and astrocytes, produce significant amounts of CO that are acutely increased in response to glutamate, agonists of ionotropic glutamate receptors (iGluRs) (64, 93, 100) , and the proinflammatory cytokine tumor necrosis factor-␣ (TNF-␣) (12) .
Catalytically active HO is represented as two major isoforms, HO-1 (inducible) and HO-2 (constitutive). HO-1 and HO-2, the products of two distinctly regulated genes mapped to chromosomes 22g12 and 16p13.3, respectively, share only 40% similarity in amino acid sequence (77) . However, a common heme catalytic pocket domain (24 amino acids) is evolutionally conserved in both HO-1 and HO-2 proteins (79, 110) . Although catalytic mechanisms of heme degradation by the isoforms are similar, the enzymatic activities of HO-1 and HO-2 are regulated via distinct mechanisms. In cerebral vessels, HO-2 is expressed in endothelial and smooth muscle cells and in the adjacent astrocytes of the neurovascular unit ( Fig. 1 ) (68, 69, 96, 111) . Both HO-1 and HO-2 are membrane-bound proteins, anchored to the endoplasmic reticulum membrane via a COOH-terminal hydrophobic tail (107, 140) . In cerebral vascular endothelial cells, as in most other cell types, HO-1 and HO-2 have similar intracellular localization with a strong preference for the endoplasmic reticulum and nuclear envelope ( Fig. 1) (96) . In the carotid body, HO-2 colocalizes with large-conductance Ca 2ϩ -activated K ϩ (BK Ca ) channels (59) that may be functionally significant because CO activates BK Ca channels to cause dilation (see Mechanism of CO-Induced Vasodilation) . In pulmonary artery endothelial cells, HO-1 was found in plasma membrane caveolae, and caveolin binding to HO-1 can regulate its activity (53) . HO-2 participates in the immediate regulation of CO production in the brain and cerebral vessels, whereas HO-1 may be responsible for long-term changes in endogenous CO.
The structure and functional significance of the third more recently discovered HO-encoding gene, HO-3, still remains elusive (34, 79) . HO-3 genes may be processed pseudogenes derived from HO-2 transcripts (34).
HO-1 Regulation
Under basal conditions, HO-1 is highly expressed only in the spleen and liver where it participates in the degradation of red blood cells and in the elimination of toxic heme from the body (77, 79) . However, under oxidative stress conditions, HO-1 can be induced in various tissues, including the vasculature and brain. HO-1 is an early response gene (heat shock protein 32) that is regulated via stress-and antioxidant-response elements in the promoter region in conjunction with the redox-sensitive transcription factor nuclear factor-E2-related factor 2 (33, 89), nuclear factor-B (62), and cAMP-responsive element (60) . The list of cell-specific inducers of HO-1 includes heme, other metalloporphyrins, transition metals (iron and cobalt), NO, ROS, and oxidized lipids (2, 26, 32, 60, 77, 79) .
HO-1 is not expressed in the brain under basal conditions, except in selected neuronal populations (21, 27, 79, 91, 92, 111) . HO-1 upregulation in the brain has been observed in patients with chronic neurodegenerative disorders, such as Alzheimer's and Parkinson's diseases (105, 106, 117) . HO-1 induction in vivo occurs in response to stress conditions that include hemorrhage, hyperthermia, and ischemia (28, 105, 106, 111, 118) . However, oxidative stress caused by epileptic seizures in newborn pigs in vivo failed to upregulate HO-1 in cerebral vessels or in brain parenchyma (91) .
In cultured cerebral vascular endothelial cells, HO-1 is induced by serum and a limited array of strong pro-oxidant stimuli, including cobalt protoporphyrin, hemin, and peroxynitrite (11, 91, 92, 113) . Pharmacological intervention with cobalt protoporphyrin has been also successfully used to upregulate HO-1 expression in cerebral vessels and brain in vivo (91, 92, 94) . In contrast to other cell types, purported potent HO-1 inducers (reviewed in Ref. 101 ) including hydrogen peroxide, arachidonic acid, NO donors (3-morpholinosydnonimine and S-nitroso-N-acetyl-DL-penicillamine), transition metals (CoCl 2 , FeCl 2 , FeCl 3 ), TNF-␣, and glutamate failed to induce HO-1 in brain endothelial cells (11, 12, 92, 113) . Overall, with a few exceptions, HO-1 is not expressed in cerebral vessels or the brain under physiological or patholog- ical conditions. Furthermore, HO-1 does not contribute to acute vascular responses that involve rapid CO-mediated increases in blood flow.
Regulation of HO-2 Activity
HO-2 is abundantly expressed in the brain of various mammalian species, including mice, rats, pigs, and humans. In newborn and mature animals, HO-2 is detected in neurons (20, 21, 24, 25, 27, 28, 111, 142) , glial cells (69, 104) , and cerebral vessels (30, 68, 96) .
In response to various physiological/pathophysiological stimulations, including glutamate, seizures, hypoxia, and hypotension, HO-2 activity in vivo is rapidly increased without altering HO-2 expression (19, 64, 65, 93, 96, 100 ) (see Functional Significance of CO in Control of Cerebrovascular Circulation). The HO-2 gene is not responsive to transcriptional modulation. The only exception to this rule is the ability of adrenal glucocorticoid hormones to induce HO-2 via a glucocorticoid response element in the gene promoter region (74, 96, 99) . Prolonged treatment with corticosteroids in vivo (2-4 days) increased HO-2 in neurons in newborn and adult rats (74, 99) and in cerebral microvessels in newborn pigs (96) . Taking into account that corticosteroids are slow-acting weak inducers of HO-2, it is unlikely that HO-2 induction contributes to HO-mediated responses in the cerebral vasculature. Recently, an increased HO-2 expression in the brain has been reported in the rat model of prolonged cerebral ischemia-reperfusion (111) .
Functional mechanisms that acutely increase endogenous CO include the activation of preexisting HO-2 enzyme by posttranslational modifications. Posttranslational activation of HO-2 is Ca 2ϩ /calmodulin dependent (14) and involves protein phosphorylation (14, 63, 64) . In hippocampal and olfactory neurons, HO-2 is activated during neuronal and odorant stimulation by phosphorylation of serine-79 by casein kinase 2 via participation of protein kinase C (PKC) and calmodulin (13, 14) . In endothelial cells, HO-2 activation by agonists of iGluRs is mediated by protein tyrosine kinases but is independent of PKC-or casein kinase 2-mediated phosphorylation (63, 64) . Ca 2ϩ /calmodulin-dependent mechanisms are also involved in HO-2 activation in cerebral vessels and endothelial cells by glutamate and iGluR agonists (63, 64) . Ca 2ϩ and calmodulin are important regulators of HO-2 activity in freshly isolated cortical astrocytes and in cultured cortical glial cells (132) . Negative feedback regulation of HO-2 activity by bilirubin may also occur (78) .
NO can affect HO-2 activity. NO can inhibit HO-2 activity by binding to a heme regulatory motif on HO-2 (23). On the other hand, NO increases HO-2 catalytic activity in cerebral microvessels by a cGMP-dependent mechanism (63) . Similarly, in isolated heart and aortic endothelial cells, NO stimulated CO production (81, 86) . Thus NO may directly inhibit HO-2 catalytic activity but indirectly stimulate the activity via the elevation of cGMP.
Factors that increase the heme substrate availability also increase CO production by cerebral vessels, indicating that HO-2 activity is substrate dependent (64, 65) . Therefore, the regulation of cellular heme production can be involved in the regulation of CO production. Cellular heme production is a multistep process that includes both mitochondrial and cytoplasmic reactions. The rate-limiting step is the mitochondrial synthesis of ␦-aminolevulinic acid from succinyl-CoA and glycine catalyzed by ␦-aminolevulinic acid synthase (52, 82) . ␦-Aminolevulinic acid synthase activity is controlled by a negative feedback inhibition by heme and oxidized heme (hemin). In intact cerebral microvessels, CO production is increased by elevated intracellular Ca 2ϩ concentration ([Ca   2ϩ ] i ) and PKC activity-induced heme availability (64, 65) .
Recent findings suggest that HO-2 activity is regulated via a redox-dependent mechanism. In isolated cerebral vessels and in cerebral vascular endothelial cells, TNF-␣ rapidly activates HO-2 via a ROS-mediated mechanism, and NADPH oxidase 4 (Nox4) is a major source of ROS that activate HO-2 via a posttranslational modification (12) . The mechanism by which ROS modulate HO-2 activity may involve a thiol/disulfide redox molecular switch that controls the heme substrate binding to the HO-2 protein (137) .
Overall, acute increases in HO-2 activity, which is the major enzyme of the neurovascular unit, endothelial cells, astrocytes, and neurons, involve posttranslational mechanisms initiated by physiologically relevant factors that affect heme substrate availability, protein phosphorylation, Ca 2ϩ influx, and Ca 2ϩ / calmodulin-dependent molecular events.
Mechanism of CO-Induced Vasodilation
CO dilates arteries and arterioles by activating vascular smooth muscle cell BK Ca channels. CO and CO donors activate recombinant and vascular smooth muscle cell BK Ca channels in excised plasma membrane patches under conditions where cytosolic signaling proteins would be absent and kinases inactive (39, 43, 48, 123, 131, 133) . In excised arterial smooth muscle cell membrane patches, CO elevates BK Ca channelapparent Ca 2ϩ sensitivity, particularly within the micromolar concentration range (123, 133) . Arterial smooth muscle cell BK Ca channels are composed of a pore-forming ␣-subunit and an auxiliary ␤ 1 -subunit that elevates channel Ca 2ϩ sensitivity (16) . CO activates recombinant BK Ca channel ␣-subunits since the coexpression of auxiliary ␤-subunits was not required for channel stimulation (39, 43, 127, 131, 133) . Data also indicate that NO and CO activate vascular smooth muscle cell BK Ca channels via distinct mechanisms that involve effects on different channel subunits (131) . The mechanism by which CO activates BK Ca channel ␣-subunits is not fully resolved, with several mechanisms having been proposed. These include the following: 1) direct CO binding to an external BK Ca channel histidine residue (122) , 2) CO binding to reduced (ferrous, Fe 2ϩ ) heme that is bound to the BK Ca channel heme-binding domain (43, 138) , 3) CO binding to His/Asp residues in the high-affinity divalent cation sensor in the regulator of conductance for K ϩ type-1 domain (39), and 4) an undefined role for cysteine 911 in the BK Ca channel COOH-terminus (114) . Following their introduction, each of these mechanisms has received subsequent critical evaluation. Under physiological conditions, CO should not bind directly to amino acids, and no direct experimental evidence or chemical mechanism to support such binding has been obtained. Only one mechanism has received independent support, namely, binding of CO to BK Ca channel-associated heme (43, 138) . Therefore, additional discussion of this mechanism will be provided here.
Cellular heme is produced in the reduced state, and being hydrophobic incorporates readily into lipid bilayers (7) . Binding of heme to the heme-binding domain (Cys-Lys-Ala-CysHis) of the ␣-subunit located between amino acids 612 and 616 inhibits BK Ca channels (36, 43, 112) . The affinity of heme for the arterial smooth muscle cell BK Ca channel heme-binding domain is high with a half-maximal inhibitory concentration of ϳ5 nM at physiological voltage and [Ca 2ϩ ] i (43) . Therefore, the BK Ca channel is functionally a heme protein. CO, by binding to channel-bound reduced heme, changes the association of heme with the channel, leading to channel activation (43) . Thus BK Ca channel-bound heme is a receptor for CO, and CO binding increases BK Ca channel Ca 2ϩ sensitivity (43, 133) . HO and BK Ca channels are membrane colocalized, and HO-2 may also interact directly with the heme-binding domain (127, 138) . Conceivably, HO-1 and HO-2 may not only generate CO, a BK Ca channel activator, but may also reduce membraneassociated inhibitory heme to generate CO. Both of these HO-mediated effects would elevate BK Ca channel activity. Although local HO-2-derived CO generation has been proposed to mediate O 2 sensitiviy of BK Ca channels in carotid body glomus cells, O 2 regulates BK Ca channel activity in the absence of other reactants required for HO-2-induced heme metabolism, and O 2 sensing was not altered in carotid body and adrenal medulla cells of HO-2 knockout mice (90, 127) . Thus whether HO-2 is an O 2 sensor that regulates BK Ca channel activity through CO generation is unresolved.
In arterial smooth muscle cells, BK Ca channels are sensitive to [Ca 2ϩ ] i within the micromolar range (97, 133, 145 (Fig. 2) (42, 133) . However, CO also elevates Ca 2ϩ spark frequency, which also contributes to the increase in BK Ca channel activity by elevating transient BK Ca current frequency (42, 133) . This combined effect leads to an increase in both fractional and effective coupling of BK Ca channels to Ca 2ϩ sparks, thereby elevating transient BK Ca current frequency and amplitude (42, 72) (Fig. 2) . Essentially, 100% of Ca 2ϩ sparks evoke a transient K Ca current in cerebral artery smooth muscle cells of adult rats and mice, indicating that CO will act in these cells primarily by elevating Ca 2ϩ spark to BK Ca channel amplitude. In contrast, in human and piglet cerebral artery smooth muscle cells, a significant proportion of Ca 2ϩ sparks (ϳ30%) does not evoke a transient K Ca current and the slope of the amplitude relationship between a spark and evoked K Ca transients is low (42, 71, 125 CO-induced cell signaling has been proposed to occur via guanylyl cyclase activation (38, 80) , although CO is far less effective at activating guanylyl cyclase than is NO (54, 55, 57) . Treatment of platelets (18) or aorta (33) with CO or a CO donor (32) and elevated HO-1 expression in pulmonary arteries or aorta (3, 85, 103) increase cGMP. The involvement of an endogenous substance that increases guanylyl cyclase sensitivity to CO has been suggested (116) . Nevertheless, cGMP as a direct mediator of CO-induced vasodilation under physiological conditions appears unlikely (58) . CO activates BK Ca channels in smooth muscle cells from a variety of different vascular beds, including cerebral and tail arteries (42, 123) . In isolated vascular smooth muscle cells, CO-induced BK Ca channel activation is not blocked by inhibitors of soluble guanylyl cyclase and not reproduced by other products of HO-mediated heme metabolism (42, 48, 122, 123, 133) . Furthermore, BK Ca channel inhibition blocks CO-induced vasodilation (42, 48, 68, 72, 87) . Thus vascular smooth muscle cell HO-derived CO or exogenous CO activates arterial smooth muscle cell BK Ca channels either directly or via interaction with ]i that increases HO-2 activity. The resulting CO binds to BKCa channel-bound hemeelevating channel Ca 2ϩ sensitivity, Ca 2ϩ spark-to-BKCa channel coupling, thereby elevating BKCa channel activity. In addition, CO increases Ca 2ϩ spark frequency, further increasing BKCa channel activity. The resulting smooth muscle cell hyperpolarization decreases [Ca 2ϩ ]i (see Fig. 2 ), leading to vasodilation. From the luminal side, permissive enabling contributions of endothelial nitric oxide (NO) and PGI2 involve a necessary level of protein kinase G (PKG) activity that can be provided via NO activation of guanylyl cyclase (GC), producing cGMP and/or activation of PGI2 receptors (IP), adenylyl cyclase (AC), and elevating cAMP. PKG may phosphorylate sarcoplasmic reticulum RyRs, increasing Ca 2ϩ spark frequency and/or the BKCa channel. In the intact vasculature, NO and PGI2 can activate smooth muscle cell GC and AC directly, if a stimulus is sufficient at the endothelial cell. IP3, inositol 1,4,5-trisphosphate.
channel-associated regulatory elements (see Functional Significance of CO in Control of Cerebrovascular Circulation for discussion of role of cGMP in CO-induced dilation).

Functional Significance of CO in Control of Cerebrovascular Circulation
In this review, we primarily focus on the functional significance of CO in cerebrovascular regulation because HO-2 expression, and CO production is highest in the brain and cerebral vasculature. In cerebral vessels, HO-2 is expressed in endothelial cells, adjacent astrocytes, and, to less an extent, the vascular smooth muscle (68, 69, 96, 111) . HO-2 is essential for numerous brain functions that include mediation of neuronal activity, regulation of cerebral blood flow, cytoprotection against oxidative stress-related cerebrovascular dysfunction (95) , traumatic brain injury (20, 139) , and intracranial hemorrhage (121, 124) .
In vivo, topical CO (Ͼ100 nM) dilates piglet pial arterioles (56) . However, at levels at or below 100 nM, the dilation is only transient (56) . Brain production of CO results in an accumulation in CSF placed under cranial windows (cortical periarachnoid CSF: pCSF). The basal pCSF CO concentration is 5-8 ϫ 10
Ϫ8 M (50 -80 nM) (19, 49, 56, 70) . Brain CO production is acutely increased in response to selected cerebral vasodilator stimulations, including epileptic seizures (19) , the excitatory neurotransmitter glutamate (49, 96) , acute hypoxia (49) , and hypotension (51) . In these situations, the level of CO production by brain and vessels is sufficient to provide dilator effects on the cerebral circulation. For example, during seizures the pCSF CO concentration is increased 10-to 20-fold, averaging about 1 M (19). The elevation of gaseous CO in pCSF during seizures correlates with cerebral vasodilation, consistent with a cause-response relationship (19) . Pharmacological inhibition of endogenous CO production reduces pial arteriolar vasodilation in response to seizures, glutamatergic stimulation, hypotension, and hypoxia in newborn pigs (19, 49, 51, 100) . In contrast, the elevation of cerebral blood flow in response to hypercapnia occurs in a CO-independent manner and does not involve the elevation of CO in pCSF (66, 68) . Although brain CO production was measured only in newborn pigs, the functional role of endogenous CO in the regulation of cerebral blood flow during seizures has also been demonstrated in adult rats (83) .
CO can attenuate vascular responses to constrictor stimuli (130, 143) . For example, the inhibition of HO accentuates the constriction of pial arterioles produced by hypertension but has minimal effects when piglets are normotensive. In addition, vasoconstriction to a topical application of platelet-activating factor is accentuated following the inhibition of HO (130) .
In the rat hypothalamus, CO has been shown to contribute to the regulation of vascular tone that is particularly evident in the absence of NO (37) . This finding in adult rats is different from results of newborn pigs where NO and prostacyclin play obligatory permissive roles in CO-induced dilation (67) . By "permissive enabling" we mean endothelial NO and/or PGI 2 must be present but need not change for CO to cause dilation (9, 66, 67, 70) . Thus, in piglet arterioles in vivo or in vitro endothelial removal, COX inhibition, or NOS inhibition blocks dilation to CO (9, 66, 67, 70) . Returning NO or PGI 2 in the form of a constant, minimally dilator level of sodium nitroprusside (SNP) or iloprost, respectively, totally restores dosedependent dilation to CO (9, 66, 67, 70) . However, in adult rats and 3-to 4-mo-old pigs, NOS inhibition does not inhibit the dilation of pial arterioles to CO (35) . These data suggest the permissive action of NO-for CO-induced dilation is age dependent. In the newborn, the permissive enabling functions of both SNP and iloprost involve PKG, but only that of NO involves cGMP (58) . It appears likely that the permissive action of PKG involves the elevation of Ca 2ϩ sparks or altering BK Ca channel sensitivity (Fig. 3) .
While reported actions of acutely (in min) elevated CO on cerebrovascular tone are uniformly dilator, in rat cerebral arterioles prolonged CO (in h) has been shown to be capable of producing vasoconstriction, apparently by inhibiting NOS, but acute CO treatment was not examined (41) . However, Holt et al. (35) found acute topical CO dilated adult rat pial arterioles. In isolated rat gracilis muscle arterioles and rat renal arteries, acutely elevated CO produces constriction that appears to involve NOS inhibition (46, 47) and/or CO-induced ROS (61) (see Mechanism of CO-Induced Vasodilation). These data caused us to address the hypothesis that, in contrast to dilation to acute CO, more prolonged exposure of cerebral arterioles to elevated CO produces constriction by reducing NO (56) . While treatment with 10 Ϫ7 M CO caused transient dilation and no effect over 2 h exposure, topical treatment with 2 ϫ 10 Ϫ7 or 10 Ϫ6 M CO caused initial dilation, but over 2 h CO exposure pial arteriolar diameter declined to below the basal diameter. Furthermore, the removal of CO caused dilation after 2 h CO exposure. Also, dilation to L-arginine was progressively lost over 90 min CO exposure. If the level of NO was maintained constant by blocking NOS and adding SNP to the CSF, CO caused dilation that was sustained for 2 h and CO removal decreased arteriolar diameter. From this we conclude that a short episodic production of CO allows it to function as a dilator gasotransmitter, whereas a prolonged elevation CO can reduce NO to elevate cerebrovascular tone. Since NO can stimulate CO production (see Regulation of HO-2 Activity), the interaction between HO/CO and NOS/NO could form a negative feedback system in the control of vascular tone.
Pial arterioles of newborn pigs are coated by astrocytic processes (69) . Selective astrocyte injury from L-2-␣-aminoadipic acid (L-AAA) (135) abolished not only dilation to the astrocyte selective dilator ADP but also dilation in response to glutamate (69) . In addition, the increase in pCSF CO concentration that is normally caused by topical glutamate was also absent following L-AAA (69) . Of note, the astrocyte-dependent dilator ADP also increased pCSF CO concentration and both the ADP-induced dilation and CO elevation were absent following astrocyte injury (50). Dilations to isoproterenol and CO were not affected by L-AAA. These data suggest both glutamate and ADP stimulate CO production by perivascular astrocytes and this CO causes pial arteriolar dilation in piglets. They also suggest that the predominant cell type that causes CO production and cerebral arteriole dilation to topical glutamate is the astrocyte rather than the endothelial cell. This cell source for glutamate-induced CO signaling may explain the greater dilation of piglet arterioles to glutamate in vivo than in vitro. However, a functional endothelium is still required for the appropriate response to the CO because endothelial-derived NO and/or PGI 2 function as permissive enablers for CO dilation (Fig. 3) . In other conditions, endothelial CO may signal for dilation directly. For example, mice experiments using HO inhibitors and HO-2 null mice indicate that endothelial-derived CO contributes to cerebrovascular dilation to acetylcholine (98) . However, in piglets acetylcholine constricts rather than dilates pial arterioles (5) .
To further examine astrocyte-smooth muscle coupling in glutamate-induced smooth muscle responses, we used freshly isolated piglet cerebrovascular smooth muscle cells and brain slices and primary culture astrocytes from piglets and HO-2 null mice (72) . Glutamate increased CO production by piglet and wild-type mouse astrocytes but not HO-2-deficient mouse astrocytes. Glutamate-activated BK Ca channel currents in piglet cerebral vascular smooth muscle cells in contact with astrocytes but not in the myocytes alone. In addition, if the astrocytes were treated with the HO inhibitor chromium mesophorphrin before being placed with the smooth muscle, glutamate did not activate smooth muscle BK Ca channel currents. Similarly, astrocytes from HO-2-deficient mice did not allow the piglet cerebrovascular smooth muscle cells to respond to glutamate (72) . With the use of piglet brain slices, it was determined that glutamate reduced arteriole smooth muscle Ca 2ϩ and dilated arterioles in untreated slices but not in slices treated with chromium mesophorphrin; the BK Ca channel blocker, paxilline; or the astrocyte toxin, L-AAA. These data confirm that an astrocytic signal, notably HO-2-derived CO, is used by glutamate to stimulate arteriole myocyte BK Ca channels and dilate pial arterioles (72) .
In addition to effects on vascular tone, the HO/CO system is highly protective to the vasculature during conditions injurious to the brain (92) . Epileptic seizures result in prolonged postictal cerebral vascular dysfunction characterized by reduced vasoreactivity to physiologically relevant dilators, including hypercapnia and bradykinin (19, 92) . When HO-2 activity is pharmacologically inhibited during seizures, cerebral vascular dysfunction is observed immediately after the ictal episode and is extended for at least 2 days of the postictal period (19, 92) . However, seizures do not affect vascular reactivity in the immediate postictal period in control piglets with active HO-2, but cerebral vascular reactivity is greatly reduced 2 days later (19, 92) . Thus HO-2 appears necessary for a short-term protection but not sufficient for a long-term protection of the cerebral vasculature from detrimental effects of seizures. In addition, the upregulation of HO-1 expression completely prevents alteration of vascular activity both acutely and 2 days after seizures (92) .
CO and bilirubin, the end products of HO-catalyzed heme degradation, have distinct cytoprotective functions (95) . HO-2-derived CO is very important in cerebral protection following stroke in mice and can interact positively with NO in providing protection (85) . CO suppresses apoptosis (10, 11, 17, 75, 95, 108, 144) although proapoptotic effects of CO also have been reported (109) . CO, by binding to a heme prosthetic group, regulates key components of cell signaling, including BK Ca channels, guanylyl cyclase, NADPH oxidase, and the mitochondria respiratory chain. CO, by inhibiting the major components of endogenous oxidant-generating machinery, NADPH oxidase, and cytochrome-c oxidase of the mitochondrial respiratory chain, blocks the formation of ROS. Bilirubin, via redox cycling with biliverdin, is a potent ROS scavenger that removes ROS once formed (8, 25, 79, 80) . Overall, HO-2 has dual housekeeping cerebroprotective functions by maintaining appropriate blood flow for neuronal activity and by providing an effective defense mechanism that blocks oxidant formation, removes ROS that are formed, and inhibits cell death caused by oxidative stress.
In particular, CO, bilirubin, and biliverdin separately and complimentarily protect against endothelial cell apoptosis caused by ROS. In cerebrovascular endothelial cells from piglets and mice, TNF-␣-induced apoptosis, loss of cell-to-cell contacts, and cell detachment were markedly reduced by a CO-releasing molecule (CORM-A1), bilirubin, or HO-1 upregulation (11) . Conversely, cerebrovascular endothelial cells from HO-2 null mice had elevated apoptosis caused by TNF-␣ or serum deprivation. In cerebrovascular endothelial cells challenged with TNF-␣, cytoprotective effects of CO and bilirubin are largely due to their antioxidant roles. CO prevents superoxide anion production by inhibiting NOX4, the catalytic subunit of NADPH oxidase, complimenting ROS scavenging by bilirubin (10) . Completing the circle, ROS activate HO-2 production of CO, which then inhibits NOX4 via an Aktdependent pathway promoting endothelial cell survival during inflammation (12) . In vivo, the systemic administration of CORM-A1 increased pCSF CO concentration and markedly attenuated the loss of cerebrovascular endothelial function caused by seizures in newborn piglets (147) .
CO may affect circulation via regulation of vascular cell proliferation. In rat aortic smooth muscle cells, increasing CO inhibited and scavenging CO increased cell proliferation, actions apparently mediated by cGMP that increases the transcriptional factor E2F-1 (84) . CO also reduced hypoxia-induced endothelial cell proliferation by inhibiting adjacent vascular smooth muscle VEGF production (76) . This action as well appears to be mediated via cGMP, by decreasing binding of a hypoxic enhancer to hypoxia-inducible factor-1. Following vascular injury as well as hypoxia, CO also suppresses vascular smooth muscle proliferation by increasing cellular cGMP that activates p38 mitogen-activated protein kinase, upregulating caveolin-1 that prevents proliferation (54) . Conversely, CO has been shown to promote proliferation of microvascular endothelial cells (73) . Thus, depending on the conditions, background stimuli, and specific cell type, CO can either increase or decrease cell proliferation.
Final Remarks
In the preceding pages we have reviewed the HO/CO system with respect to regulation of the blood flow to the brain in particular. CO is a gaseous signaling molecule as are NO, H 2 S, and various activated oxygen species. These gases diffuse within and among cells down their partial pressure gradients from sites of production to channels and enzymes with which they can interact and alter activity. Of these gases, CO is by far the least chemically reactive. However, CO readily binds to the ferrous iron of heme to potentially alter the activity of all heme proteins. The gaseous signaling molecules interact with each other in regulation of vascular tone. NO increases vascular CO production, but CO inhibits NOS, providing negative feedback between these gasotransmitters. Less is known about the interactions of NO and CO with cystathionine ␥-lyase (CSE) and H 2 S. NO has been shown to be able to simulate CSE (146), CO can inhibit CSE, and H 2 S can inhibit HO-2 in aortic endothelial cells (45) . The interactions among these molecules in vascular signaling are key areas for future research.
Much of the data for present review focusing on cerebrovascular CO was obtained from studies of newborn pigs. In comparing these findings to those of others, principally using adult rodents, a consideration of species and age differences should be made. Also, few data on humans of any age are available. In pigs, the regulatory mechanisms involved in the control of cerebral circulation change with postnatal age (6, 128, 129, 148) . Data on CO indicate that age-dependent changes make juvenile pigs more similar to adult rats than newborn pigs (35) . These differences are related to permissiveenabling functions of NO and prostanoids and dilator sensitivity, both of which decline with age, rather than qualitative changes in CO-induced dilation of cerebral arterioles. Therefore, model-specific differences do exist and may be very important in understanding physiological functions and worthy of future investigation.
Overall, it is clear that CO is an important signaling molecule in the cerebral circulation and other vascular beds as well. Many of the major mechanisms that control cerebrovascular circulation rely on CO signaling that can come from astrocytes and/or endothelium. In addition, CO and bilirubin, two products of HO metabolism of heme, protect the vasculature and the brain from ROS-induced injury. Future research into interactions with other cerebral vascular regulatory signaling pathways under physiological and pathological conditions is necessary for producing knowledge of the roles of the HO/CO system in health and disease. CORMs, as well as bilirubin and pharmacological formulations, are ripe for clinical investigation in newborns and adults.
